Background Renin-angiotensin system blockade reduces inflammation in several organ systems. Having found a fourfold increase in angiotensin II type Ia receptor expression in a dextran sodium sulfate colitis model, we targeted blockade with angiotensin II type Ia receptor antagonists to prevent colitis development. Because hypotension is a major complication of angiotensin II type Ia receptor antagonists use, we hypothesized that use of angiotensin II type Ia receptor antagonists compounds which lack cell membrane permeability, and thus enteric absorption, would allow for direct enteral delivery at far higher concentrations than would be tolerated systemically, yet retain efficacy. Methods Based on the structure of the angiotensin II type Ia receptor antagonist losartan, deschloro-losartan was synthesized, which has extremely poor cell membrane permeability. Angiotensin II type Ia receptor antagonist efficacy was evaluated by determining the ability to block NF-jB activation in vitro. Dextran sodium sulfate colitis was induced in mice and angiotensin II type Ia receptor antagonist efficacy delivered transanally was assessed. 
Introduction
The renin-angiotensin system (RAS) is well known to have various physiologic roles [1] [2] [3] . In this system, angiotensin II (ATII), produced through the enzymatic cleavage of angiotensin I (ATI) by ATI-converting enzyme (ACE), exerts a number of physiological actions, including effects on vascular tone, hormone secretion, tissue growth, and neuronal activities [4, 5] . There are two major subtypes of ATII receptors; ATII type 1 receptor (type 1a and 1b in mice, and type 1a in humans) and ATII type 2 receptor. ATII type 1 receptor (AT1R) mediates vasoconstriction and AT1R is also involved in the mediation of apoptosis, vascular remodeling, and inflammation [6] [7] [8] [9] . Therefore, ACE inhibitors and AT1R antagonists (AT1R-A), commonly used as therapeutic agents for treating hypertension, have additional therapeutic actions.
Recently, in vitro experiments have shown that ligation of the AT1aR will lead to nuclear factor jB (NF-jB) activation [10] , and the subsequent production of inflammatory mediators such as tumor necrosis factor a (TNFa) [11] , transforming growth factor b1, interleukin 1b (IL-1b) and monocyte chemotactic protein-1 (MCP-1) [12, 13] . ATII activation of NF-jB has been shown in human monocytes [14] and in cultured vascular smooth muscle cells [15] . Based on this, the NF-jB activation pathway has emerged as an extremely attractive target for the development of anti-inflammatory drugs [9, [16] [17] [18] . Although the function of ATII in the intestine is not well understood, our laboratory has previously shown that ACE is expressed in the intestinal epithelium, increases in a rodent colitis model, and is critically important in promoting the development of intestinal epithelial cell apoptosis [3, [19] [20] [21] . Interestingly, receptors for ATII are also found in the intestinal mucosa [22] . Furthermore, recent studies using pharmacologic ACE inhibitors (ACE-I) have shown that ACE-I significantly reduces epithelial cell (EC) apoptosis and decreases the severity of inflammation in a dextran sodium sulfate (DSS) model [19, 21] . Other investigators have reported that ACE mediation of apoptosis is via ATII signaling through its respective receptors in a number of organs and cells such as lung, prostate, and endothelial cells [23] [24] [25] . Although ATII may signal via several receptors, the AT1aR predominates, and appears to be the critical mediator of pro-inflammatory and pro-apoptotic signaling [3, [26] [27] [28] . In fact, use of angiotensinogen knockout mice, AT1aR knockout mice or use of AT1aR-As has led to a marked improvement in the severity of a dextran sodium sulfate (DSS) and trinitrobenzene sulphonic acid induced colitis [6, 29] . Additionally, AT1aR-As have been successfully used via parenteral administration to decrease gastric inflammation [30] . Taken together, this suggests that blockade of ATII signaling may have a useful role in the treatment of inflammatory conditions of the gastrointestinal tract. However, because a major consequence of the use these antagonists is hypotension, with resultant diminished local and systemic blood flow, we hypothesized that the use of an AT1aR-A which lacks cell membrane permeability, and thus has poor mucosal absorption, would allow for direct enteral delivery at far higher concentrations than would be tolerated systemically, yet retain local efficacy. In this study, we used three AT1aR-A compounds to determine the role of the AT1aR in a DSS-induced colitis model in mice. We demonstrated efficacy for high-dose AT1aR-A in preventing histologic changes, colonic apoptosis, and increased pro-inflammatory cytokines in this colitis model. We further showed that synthesis of an analogue of the conventional antihypertensive losartan, with poor oral absorption, may have equal local efficacy, but lacks systemic absorption and hemodynamic changes.
Materials and Methods

Animals
Specific pathogen-free male, 8-week-old C57BL/6 mice (Taconic Farms Inc, Germantown, NY) were maintained in a 12-h night rhythm at 23°C and a relative humidity of 40-60%. Animals were fed standard rodent chow (LabDiet 5001Rodent Diet, PMI Nutrition International, LLC, Brentwood, MO) ad libitum. All experiments were approved by the University Committee on Use and Care of Animals at the University of Michigan.
Induction of Colitis
Colitis was induced by 2.5% (W/V) reagent-grade dextran sulfate sodium (DSS; molecular weight; 36,000-50,000, ICN Biomedicals, Inc, Aurora, OH) dissolved in drinking water that was ingested ad libitum. (Fig. 1) . Deschloro-losartan, previously synthesized by a longer route, had been shown to have retained ATIaR-A activity, yet possess poor oral absorption [31] . The synthesis was carried out as follows: Losartan monopotassium salt (647 mg, 1.4 mmol) was dissolved in 10 ml of absolute ethanol in a dry flask under nitrogen. Ammonium formate (443 mg, 7.0 mmol) was added followed by palladium black catalyst (75 mg, 0.7 mmol). The mixture was stirred for 18-24 h at 25°C while monitoring by silica gel thin-layer chromatography for maximum conversion of starting material to product before any side-products began to form. The reaction mixture was vacuum filtered through a wet pad of Celite (2 g), and the filtrate was concentrated to a white foam that was purified by silica gel flash chromatography, eluting with a gradient of 5-20% methanol in dichloromethane. Product fractions were combined and concentrated to a residue that was crystallized from 2-propanol to yield 391 mg (72% yield) of product as a crystalline white power; mp 173-174°C, 1 [10] was used to measure the degree of antagonism on AT1aR signaling. This model makes use of the fact that AT II-dependent stimulation of the AT1aR results in rapid activation of the NF-jB transcription factor. In this model, HepG2-AR cells, which stably express the AT1aR, were transiently transfected with an NF-jB-luciferase reporter plasmid and a control Renilla plasmid (to correct for transfection efficiency). Cells were then treated with or without ATII (1 lM) for 16 h in the presence or absence of varying doses of either losartan or deschlorolosartan. Cells were harvested and the luciferase/Renilla ratio determined using the Promega Dual Luciferase Assay Kit. Cells were treated (in triplicate) with either media alone (negative control), ATII (1 lM), ATII plus losartan (0.1-100 lM), or ATII plus deschloro-losartan (4-log range of concentration). Loss of ATII-dependent luciferase induction (measured by luminometer; LMax; Molecular Devices), due to the presence of receptor blockade was then calculated and used to indicate the extent of successful blockade of the AT1aR signaling pathway.
Experimental Colitis Design
Mice were randomly divided into five groups. One group consisted of naive mice as a control group (n = 6), which received plain drinking water ad libitum, and received only water (0.25 ml) via the transanal route without AT1aR-A. In the remaining four groups, DSS was administered through drinking water for 7 days. In the DSS ? placebo group, mice were given transanal water (total volume 0.25 ml) each day as a control (n = 13). Three DSS ? AT1aR antagonists (AT1aR-A) groups were studied consisting of losartan (n = 10), DCL (n = 6), and candesartan (n = 9) suspended in ddH 2 O at a total volume of 0.25 ml. As we have previously shown that the administration of a very high dose (tenfold higher than typically given systemically) of an ACE-I had little to no systemic side-effects, yet improved outcome in a DSS acute and chronic colitis model [32] , a similar high-dose strategy was selected. AT1aR-A were given at 100-fold higher doses (losartan and DCL: 100 mg/kg/day, candesartan: 10 mg/kg/day) than typically given systemically, and daily dosing was continued for the entire 7 days of the study. Study drugs were administered using a blunt needle via the transanal route. Preliminary testing confirmed that this amount of drug evenly coated the entire colon. Furthermore, to ensure retention of AT1aR-A within the entire colon, mice were held by the tail in a vertical position for 30 s after the transanal administration.
Harvesting
The mice were killed 7 days after DSS by carbon dioxide asphyxiation. A 0.5-cm segment taken from the distal half of the colon was excised and placed into 10% formaldehyde. Formalin-preserved sections of distal colon were preserved in paraffin, sectioned transversely (5 lm) and stained with hematoxylin and eosin (H&E). The remaining colon was immediately processed for mucosal cell isolation.
Assessment of Colitis
The body weight of each mouse, stool characteristics, and intestinal bleeding were recorded. All animals were evaluated daily. Occult bleeding was tested using a Hemoccultcard test (Beckman Coulter Inc, Fullerton, CA). Histologic grading of colitis was performed in a masked fashion (investigator blinded to the study group) according to previously described methods [21] . Crypt shortening and distortion, together with inflammatory infiltrative thickening of the lamina propria, were assigned a score 0 (normal) through 4 (complete loss of crypt, ulceration, and severe thickening of lamina propria). The individual colitis score (0-4) from four quadrants of a left-sided colonic section were summed, such that the maximum score for a given section was 16, and the minimum score was 0. The mean of at least two sections were assessed in this manner for each mouse.
Epithelial Cell Apoptosis Assays
A terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL) staining method was used to detect apoptosis, according to the manufacturer's instructions (ApopTag Plus Peroxidase InSitu Apoptosis Detection Kit, Chemicon International Inc, Temecula, CA), with slight modification. Assessment of apoptosis consisted of separate counting of all TUNEL-positive EC in all well-oriented crypts separately, and dividing the total number of counted apoptotic cells per number of analyzed crypts and the number represents the Apoptotic Index.
Mucosal Cell Isolation and Purification
Isolation of mucosal cells was performed using a previously described protocol [33] . Colonic tissue, not including the cecum, was placed in RPMI cell culture medium on ice, and fecal contents were gently flushed out. Colonic epithelium was isolated for RNA as described previously [21] . Briefly, the colon was opened longitudinally and rinsed with fresh cold RPMI, then the colonic mucosa was mechanically scraped off on a glass slide, and epithelial cells (EC) collected in fresh RPMI with glutamine. These EC were then immediately snap-frozen in liquid nitrogen and processed for RNA extraction.
Real-Time Polymerase Chain Reaction (RT-PCR)
Mucosal scrapings were placed in TRIzol (Invitrogen), homogenized, RNA extracted and purified as previously described [21] . All primers for selected gene sequences were designed using proprietary software (Lasergene, DNA star Inc, Madison, WI). Real-time PCR (RT-PCR) was performed using a Rotor-Gene 6000 (Corbett Life Science, Sydney, Australia) and b-actin was used as an internal control for normalization. Fold changes of target genes were calculated using comparative quantification to b-actin.
Assessment of Drug Uptake From Gastrointestinal Tract
Several methods were used to determine the uptake of each compound from the gastrointestinal tract, including in vitro assessment with Ussing chambers, in vivo assessment of serum levels and local and systemic physiologic changes.
Ussing-Chamber Experiments
Methods of assessing the in vitro passage of each compound across the intestinal wall were similar to those previously described [34] . Briefly, a Ussing chamber setup was utilized with freshly isolated jejunum and left-sided colon from naive and DSS-treated mice (after 7 days) using standard techniques [35] . Intestinal tissues with an exposed tissue surface area of 0.3 cm 2 were incubated in 5 ml of preheated 37°C Krebs buffer in each half membrane (serosal side and mucosal side), and pH was adjusted to 7.4. Each chamber was continuously oxygenated with O 2 /CO 2 (95%/5%) and stirred by gas flow in the chambers. An AT1a antagonist was added to the mucosal side of each sample (final concentration 1 mg/ml). Samples (0.3 ml) were taken from the serosal side at time points 0, 20, 40, 60, 80, 100, and 120 min in triplicate and tandem mass spectroscopy (liquid chromatography with mass spectroscopy/mass spec, LCMSMS; see below) was performed. The permeability of each AT1aR-A across the excised mouse tissues in the Ussing chamber was calculated using the following equation and published method [34] :
where dC/dt is the slope of AT1aR-A concentration in the serosal side (mg/ml-s), V is the volume of the serosal side (5 ml), A is the exposed surface area (0.3 cm 2 ) of the membrane, and C o the starting concentration in the mucosal side (1 mg/ml).
Plasma Levels of Orally Administered AT1a Antagonists
In a separate set of experiments, 7-day DSS-treated mice were given the oral administration of each AT1aR-A at a dose of 10 mg/kg, and then killed 2 h later. Plasma samples were obtained from cardiac puncture and analyzed by LCMSMS.
Tandem Mass Spectroscopy
Mass spectroscopy experimental methods were performed as follows using previously published techniques [36, 37] . Samples were diluted tenfold with the mobile phase and injected to the mass detector using a Hewlett Packard HP1100 HPLC system with a Gemini Ò (C18, 150 9 2.0 mm) column with flow rate of 0.2 ml/min. The mobile phase consisted of 50% acetonitrile and 50% of water containing 0.1% formic acid. A Waters Micromass Quattro II mass spectrometer in electrospray ionization mode was used for the detection of the AT1aR-A. 
Measurements of Blood Pressure and Heart Rate
Blood pressure and heart rate were measured using a noninvasive computerized tail-cuff system (IITC Life Science Inc., Woodland Hills, CA) at 1 h before transanal treatment (Pre) and 2 h later after treatment (Post) on day 6 of DSS intake. The system was designed to perform all functions automatically, including a programmable routine of cuff inflation and deflation, analysis and assignment of pulse rate and blood pressure, and recording of data electronically. We expressed these results using % Delta Blood Pressure (percent change in systolic pressures prior to and after treatment) and the mean heart rate.
Measurements of Colonic Mucosa and Mesenteric Blood Flow
Because a major consequence of the use of AT1aR-A is hypotension which could compromise intestinal blood flow, colonic mucosa and mesenteric blood flow were also evaluated at 7 days of DSS administration, just before harvesting tissues using laser Doppler perfusion imaging (LDPI, Perimed Inc., North Royalton, OH), as previously reported [21] . Mesenteric, as well as distal colonic mucosal blood flows were measured in anesthetized mice (n = 6, in each group). A median laparotomy was performed and the mesentery exposed. A LDPI 670-nm helium-neon laser beam was placed 12 cm above the mesentery and sequentially scanned the surface of the mesentery, as well as colonic mucosa over a 2-cm length. Maximum, minimum, and mean percent perfusion was normalized to total pixel area. At the end of the measurements the mice were killed and tissue harvested.
Statistical Analysis
Data are reported as mean ± standard deviation (SD). Results were analyzed using the t test for comparison of two means, and a one-way analysis of variance (ANOVA) for comparison of multiple groups. A post-hoc Bonferroni test was used to assess statistical difference between groups. The Chi-square test was used for categorical data (Prism software; GraphPad Software, Inc., San Diego, CA). A value of p \ 0.05 was considered to be statistically significant.
Results
In Vitro Assessment of AT1aR Antagonism
To determine if our synthesized analogue of losartan, DCL, had similar antagonism to AT1aR compared to losartan, in vitro assessment was determined by the ability of each compound to prevent NF-jB activation in vitro. Figure 2 shows the extent of both compound's ability to block NF-jB activation. The average maximal NF-jB induction seen with incubation with angiotensin II alone was 5.95-fold, and this value was set to a level of 100% induction. DCL demonstrated near equal AT1aR antagonism compared to losartan (85 vs. 90% inhibition of NF-jB activation at 60 lM dosing, respectively). Thus, DCL came within 10% of the inhibitory capacity of losartan, and was felt to have comparable antagonistic behavior.
Effect of AT1aR-A on Clinical Parameters
After DSS administration, mice developed colitis, which was manifested by loose stools, intestinal bleeding, and weight loss.
Body Weights
Body weight change (reported as percentage change from baseline body weight on day 1) is shown in Fig. 3a . As shown by others [32] , significant weight loss occurred
toward the end of 1 week of DSS. However, AT1aR-A treatment significantly protected against this weight loss (Fig. 3a) . The difference between the placebo and the AT1aR-A-treated groups became significant after day 5 of DSS. After 1 week, weight loss was severe in the placebo group (15.8 ± 6.5% weight loss); however, this was significantly attenuated in all AT1aR-A groups (DCL: -2.02 ± 4.34%, losartan: 0.07 ± 2.50%, candesartan: -0.63 ± 1.63%; p \ 0.001 versus placebo; p [ 0.050 between AT1aR-A groups, respectively).
Fecal Blood
The onset of heme-positive stools corresponded closely to the development of weight loss (Fig. 3b) . Mice in AT1aR-A groups experienced longer periods before developing heme-positive stools (DCL: 7.00 ± 1.4 days, N.S, losartan: 6.8 ± 2.7 days, N.S, candesartan: 8.0 ± 0.0 days), compared to mice in the placebo group (5.64 ± 1.22 days); and the change became significant for candesartan (p \ 0.01).
Effect of AT1aR-A on Histopathology
To evaluate if transanal treatment with AT1aR-A was associated with a reduction in the severity of colitis a blinded histological score at day 7 was assessed. In the DSS ? Placebo group mice consistently developed severe ulcerative lesions in the distal colon. These histologic changes were significantly attenuated in all of the AT1aR-A-treated mice (histopathology in Fig. 4a , histologic scores reported in Fig. 4c ). The colon of all ATa1R-A-treated mice showed nearly normal mucosal architecture.
Effect of AT1aR-A on Epithelial Cell Apoptosis
TUNEL staining was performed after 5 days of DSS. Enterocyte apoptosis rates were significantly higher in the DSS ? placebo group compared to all AT1aR-A treatment groups. Administration of an AT1aR-A resulted in a significant decline in EC apoptosis rates in DSS colitis (representative TUNEL staining in Fig. 4b , apoptosis rates are reported in Fig. 4d ). L o s a r t a n C a n d e s a r t a n Fig. 3 a Time course of changes in the body weight loss. All mice received 2.5% DSS in drinking water. DSS was administrated during the 7 days. All mice were evaluated daily for weight loss, stool consistency, and occult or gross intestinal bleeding. The groups were: DSS ? placebo (n = 13) mice, deschloro-losartan 10 9 (2,500 lg per dose) treated (n = 6), losartan 10 9 (2,500 lg per dose) treated (n = 10) mice, and candesartan 1 9 (250 lg per dose) treated (n = 9) mice. b Days to heme-positive stool as compared with the DSS ? placebo group. Results are expressed as mean ± SD, with ANOVA used to compare with the DSS ? placebo group
DAY
Ussing-Chamber Experiments Table 1 shows the results of permeation of each AT1aR-A in both naive (normal) and DSS-treated mice. Passage of AT1aR-A for colonic and small intestinal tissue was moderately high for losartan-and candesartan-treated segments. Interestingly, the permeability coefficient was threefold to sixfold lower for DCL-treated segments In the DSS ? placebo group, diffuse cellular destruction was noted. In AT1aR-A-treated mice, the colon showed almost normal mucosa architecture and mild edema located in the submucosa. b Representative histologic sections of distal colon are shown after undergoing TUNEL staining (920 magnification) after 5 days of DSS. Note the prominent epithelial cell apoptosis in the DSS ? placebo group as represented by a dense brown staining (arrowheads). Whereas, only mild apoptosis is noted in AT1aR-A-treated mice. c Histologic scoring of each study group, the naive group is not shown, as the score is 0. Note that the histologic score was markedly increased in DSS ? placebo mice, and significantly decreased in each of the AT1aR-A groups. Data (mean ± SD; N a minimum of six per group) were analyzed using ANOVA compared with DSS ? placebo. d Apoptosis index scores are shown. Note that the apoptosis index was markedly increased in DSS ? placebo mice, and indices significantly decreased in each of the AT1aR-A groups. Data (mean ± SD; N a minimum of six per group) were analyzed using ANOVA compared with DSS ? placebo, # p \ 0.01 compare with DSS ? placebo Dig Dis Sci (2011) 56:2553-2565 2559 compared to other AT1aR-antagonists. This was true for both naive-and DSS-treated specimens.
Oral Absorption of AT1aR-A Plasma levels of AT1a-antagonists 2 h after oral administration are shown in Table 2 . Although standard deviations were high, losartan and candesartan administration led to very high plasma levels; whereas, DCL levels were threefold lower than losartan, and over tenfold lower than candesartan.
Blood Pressure and Heart Rate Measurements
To test the systemic effect of each compound, blood pressure Delta BP (post systolic-pre systolic) was determined. Losartan and candesartan resulted in a decline in systolic BP (as shown by a large delta BP in the negative direction); however, DCL did not significantly change the BP compared to naive (non-treated) mice (Fig. 5a) . Heart rates were not significantly different between the placebo, naive, DCL, and the losartan groups; however, heart rate did decline significantly in the candesartan group compared to the naive group (Fig. 5b) .
Colonic Mucosal and Mesenteric Blood Flow Measurements
Mesenteric blood flow measurements showed significantly lower levels in losartan-and candesartan-treated groups compared to the naïve group (1.97 ± 0.58, 1.56 ± 0.33 vs.
2.82 ± 0.23, respectively, p \ 0.001). On the other hand, in the DSS ? placebo group blood flow was significantly elevated compared to naive mice (3.24 ± 0.30 vs. 2.82 ± 0.23, p \ 0.001), which suggested a greater inflammatory response (Fig. 6a) . Further, laser Doppler measurements of colonic blood flow at the mucosal level showed a significant decrease for losartan-and candesartan-treated groups compared to naive mice (0.88 ± 0.32, 0.92 ± 0.20 vs. 1.91 ± 0.26, p \ 0.001; Fig. 6b ). Interestingly, treatment of mice with DCL failed to change either mesenteric or mucosal blood flow; supporting a lack of systemic or even local-regional vascular dilation, which would be associated with AT1aR-A action. Serum values (mean ± SD; n = 5) from DSS-treated mice dosed with each study compound (10 mg/kg) and killed 2 h after oral dosing. Samples determined from cardiac puncture BP and heart rates via tail cuff measurements 7 days after treatment. Data (mean ± SD; n = 6 per group) were analyzed using ANOVA compared with the DSS ? placebo group. Note that losartan and candesartan resulted in a decline in BP, but DCL did not significantly change BP
Effect of AT1aR-A on Pro-inflammatory Cytokine Expression
Expression of TNF-a, IL-1b, and IL-6 are pro-inflammatory cytokines that were investigated based on previous work that showed a reduction in the abundance of these cytokines with ACE-I treatment [21] . Further, these cytokines are known to be up-regulated in the DSS colitis model, and may be responsible for acute tissue injury formation. Therefore, these were quantified as independent biochemical markers of inflammation. Figure 7 shows mRNA expression of TNF-a, IL-1b, and IL-6 as compared to placebo-treated DSS mice. DSS ? placebo mice showed significantly increased levels of TNF-a, IL-1b and IL6 mRNA. However, each AT1aR-A compound significantly decreased the mRNA abundance of these cytokines. Additionally, IL-10 abundance was examined, as IL-10 can down-regulate or completely inhibit the expression of several pro-inflammatory cytokines. There was a trend toward higher IL-10 abundance on day 7 in AT1aR-A treatment groups compared to placebo; however, this difference was not statistically significant (Fig. 7) .
Discussion
The present study hypothesized that the use of AT1aR-A compounds which lack cell membrane permeability, and thus mucosal absorption, would allow for direct enteral delivery at far higher concentrations than would be tolerated systemically, yet retain efficacy. To achieve this, we modified the structure of the conventional anti-hypertensive drug losartan. In vitro assessment of AT1aR blockade confirmed that this analog, DCL, had nearly the same ability to block this receptor. Each AT1aR-antagonist, losartan, DCL, and candesartan decreased the percent of weight loss and time to the development of heme-positive stools. The histopathologic grade of colitis and level of EC apoptosis were also significantly lower in AT1aR-A-treated mice. Finally, the study showed that treatment with AT1aR-A led to a decline in the abundance of several proinflammatory cytokines.
There are two major ATII receptors, the AT1R (including the 1a and 1b sub-types) and AT2R. The AT1aR is best known to mediate vasoconstriction, and AT1aR-As are therefore used as therapeutic agents for treating hypertension. In addition to its anti-hypertensive actions, AT1aR-A have been shown to strongly suppress the generation of reactive oxygen species induced by ATII in activated leukocytes [27, [38] [39] [40] and reduce production of pro-inflammatory cytokines and adhesion molecules induced by ATII. These RAS actions are also mediated via the function of ADAMs (a disintegrin and metalloproteinases). In fact, ADAM 17 may function to cleave receptors for both AT1a and TNF-a, and may significantly modulate downstream signaling in many cell types [41] . Interestingly, use of pharmacologic blockade of ADAMs is becoming a potential clinical approach to block TNF-a signaling [42] ; however, it will be interesting to better understand the implications of the blockade of ADAM on AT1aR signaling, where such action may actually adversely affect a patient with inflammatory bowel disease. Initial interest in the RAS in the gastrointestinal tract is based on the fact that several components of the RAS are highly expressed in the small and large intestine of rodents and humans [3, 19, 21, 32, [43] [44] [45] . It has been previously shown either through the blockade AT1aR or via inhibition of ACE that colitis can be palliated in rodent models [6, 21] .
Patients with active Crohn's disease and ulcerative colitis show a decreased expression of circulating levels of ACE [46] [47] [48] . These depressed serum levels of ACE may be a response to increased local expression of ACE. This concept is supported by Jaszewski et al., wherein colonic mucosal expression of ATI and ATII were shown to be markedly increased in patients with active Crohn's disease and ulcerative colitis [49] . Interestingly, genetic mutations in ACE and ATII [50] show a significant association of the angiotensinogen-6 AA genotype with Crohn's disease. Another more recent study analyzed for genetic mutations in I and D alleles of the ACE gene in ulcerative colitis and Crohn's disease patients. These investigators found an increase in the DD homozygous pattern of ACE for those ulcerative colitis patients with extra-intestinal diseases [51] .
A clear obstacle to the successful use of the AT1aR-A class of drugs is that most of these drugs were designed for optimal gastrointestinal absorption. As such, adequate dosing for the local gastrointestinal treatment of inflammatory bowel disease could lead to both hypotension as well as diminished gastrointestinal blood flow. Losartan was one of the first AT1aR-A, and remains a standard to which other antagonists are compared. Interestingly, during the development of losartan much of this effort centered on improving the oral bio-availability of the early analogs, many of which were devoid of systemic activity. A natural but unintended consequence of these investigations was the identification of highly potent AT1aR antagonists that completely lacked oral activity, including DCL, the dechlorinated form of losartan. Previous reports have recognized that in vitro DCL has a 50% inhibitory action on aortic contractility (IC50) following ATII stimulation of 0.019 lM; and this concentration of DCL compares quite closely to losartan's IC50 of 0.019 lM [31] . The bioavailability characteristics of these two drugs differ considerably. Whereas the oral 50% effective dose (ED50, blood pressure lowering) for losartan in rats was determined to be 0.59 mg/kg, DCL was virtually undetected ([100 mg/kg) [31] . Such very early evidence strongly suggested that we could capitalize on this poor mucosal permeability to approach our unique treatment of colitis. Another AT1aR-A selected was candesartan due to its strong efficacy and known long-acting half-life [52, 53] . Whereas, the half-life for release of losartan from the AT 1 receptor is only 5 min [54] , candesartan has one of the longest reported ''insurmountable'' antagonisms, as is demonstrated by a 152 min half-life for ligand-receptor dissociation [54] . In vivo studies have shown that candesartan is able to reduce tissue injury induced by myocardial ischemia-reperfusion injury, liver ischemia [55, 56] and cerebral ischemia [57, 58] . In addition, it was demonstrated that candesartan protects against ischemia-reperfusion injury of the small intestine in rats [4] . Because Candesartan has only moderate oral absorption, a cyclohexyl 1-hydroxyethyl carbonate ester (cilexetil) prodrug is used commercially to improve intestinal absorption. Because of this, we elected to use the purified free carboxylic acid form of Candesartan in this study to minimize absorption. We confirmed poor permeation of DCL both in our in vitro assessment with Ussing-chamber studies, as well as with assessment of plasma levels of the three compounds. Both of these showed a several-fold-lower permeation of DCL compared to losartan and candesartan. Permeability of these agents were compared (in Table 1 ) for enalaprilat, an angiotensin converting enzyme inhibitor with poor enteral absorption, and was seen to be at a similar range to these two compounds; whereas metoprolol had a fivefoldhigher permeability. The fact that mesenteric and colonic mucosal blood flow measurements significantly declined and delta BP increased in both losartan and candesartan groups compared to naive mice strongly confirms that local and systemic absorption were negatively impacting upon the mice. The fact that our synthesized analog DCL failed to significantly impact local blood flow or blood pressure further supports our hypothesis that a modified AT1aR-A could be developed with poor enteral absorption yet still have the ability to impart a significant reduction in a DSS colitis model. It is also important to emphasize that this was achieved despite delivery of DCL at a tenfold-higher concentration than conventionally delivered in rodent models. This opens up a wide area of potential investigation, which may allow future novel analogs which are designed to avoid mucosal absorption, yet retain AT1aR-A function. Importantly, such a class of drugs has not been shown to compromise the immune system, which may make such compounds quite desirable as either an adjunct to current immunosuppressive therapies, or as a standalone treatment.
Although AT1aR-A produced significant clinical and histological improvements, it is important to note that both the abundance of pro-inflammatory cytokines, heme-positive stools, and the histopathology were not completely prevented with the use of high dose AT1aR-As. It is probable that other mechanisms are responsible for inflammatory formation that are not affected by AT1aR-A. It may also suggest that a wider range of drug dosing may need to be explored to determine the full efficacy of this class of drugs.
In summary, the present study indicates that the use of AT1aR-A can significantly protect against colonic epithelial apoptosis, epithelial destruction, and pro-inflammatory cytokine abundance in a DSS colitis model. These results suggest that the interaction between angiotensin II and angiotensin II type I receptor might be implicated in the pathogenesis of DSS colitis. Use of specially designed AT1R-A compounds with poor oral absorption, such as DCL, may have great potential as a new therapeutic approach to treating inflammatory bowel disease.
